We exploit the properties of surface electromagnetic waves propagating at the surface of finite one dimensional photonic crystals to improve the performance of optical biosensors with respect to the standard surface plasmon resonance approach. We demonstrate that the hydrogenated amorphous silicon nitride technology is a versatile platform for fabricating one dimensional photonic crystals with any desirable design and operating in a wide wavelength range, from the visible to the near infrared. We prepared sensors based on photonic crystals sustaining either guided modes or surface electromagnetic waves, also known as Bloch surface waves. We carried out for the first time a direct experimental comparison of their sensitivity and figure of merit with surface plasmon polaritons on metal layers, by making use of a commercial surface plasmon resonance instrument that was slightly adapted for the experiments. Our measurements demonstrate that the Bloch surface waves on silicon nitride photonic crystals outperform surface plasmon polaritons by a factor 1.3 in terms of figure of merit.
Introduction
In the wide range of bio-sensing techniques, surface plasmon resonance (SPR) optical biosensors [1] have become a mature technology for simple and fast label free bio-detection [2] . Due their surface-bound nature, surface plasmon polaritons (SPP) are used to sense the refractive index changes in a very narrow region in close proximity of the sensor surface, mainly in real-time conditions. Unfortunately some intrinsic properties of SPP limit a further refinement of SPR sensitivity. The most critical point is that SPP dispersion is strictly determined by the properties of a limited number of suitable metals and cannot be arbitrarily tuned. This point also includes large absorption losses at optical frequencies which result in SPP damping and resonance broadening. A possible solution [3] [4] [5] to improve the performances of optical biosensors is to exploit another kind of surface localized electromagnetic waves: e.g. Bloch Surface Waves (BSW) on dielectric multilayers. Such electromagnetic modes can propagate at the interface between a finite one-dimensional photonic crystal (1DPC) and a homogeneous external medium [6] . Their dispersion can be designed at any desired operation wavelength by properly tailoring the 1DPC, in terms of the refractive index and thickness of the layers. Dielectrics exhibit much lower extinction coefficients than metals and the BSW resonances (BSWR) appear much narrower than the SPR [7] , with an expected increase of sensor performances.
We explore the viability of the well-established amorphous silicon thin film technology for the fabrication of 1DPC supporting surface bound waves for sensing applications. Amorphous silicon based alloys such as hydrogenated silicon nitride (a-Si x N y :H), silicon carbide (aSi x C y :H) and silicon oxide (a-Si x O y :H) can be easily grown by r.f. plasma-enhanced chemical vapor deposition (PE-CVD) on large area with an excellent control of the compositional homogeneity and thickness at nanometer scale. The average stoichiometry of the alloys can be fixed through the suitable choice of the gas feedstock composition, allowing a direct control of the thin films optical response in terms of absorption and refractive index [8] [9] [10] Among the amorphous silicon alloys cited above, a-Si x N y :H shows a tunable refractive index with values ranging from 1.7 (for a-Si 3 N 4 :H) and 3.5 (pure a-Si:H) and optical gap variable within 1.9 (pure a-Si:H) and 5 eV (a-Si 3 N 4 :H) [9, 11] . In detail, the composition of the a-Si x N y :H layers can be controlled by operating on the ammonia fraction in a SiH 4 + NH 3 plasma, allowing the fabrication of high quality periodic stratified structures alternating Sirich and N-rich a-Si x N y :H layers. Several a-Si x N y :H based multilayer structures were proposed for the realization of multi-quantum-well light emitting systems [12] , Bragg reflectors, FabryPerot microcavities [13] and 1DPC sustaining BSW [14] . The use of a-Si x N y :H for unamplified nucleic acid sequences biosensors was also reported [15] .
A stratified structure made of Si x N y :H with variable average stoichiometry can benefit of a wide range of refractive index tunability, allowing the versatile use of silicon nitride alloys in the fabrication of 1DPC with suitable refractive index contrast and transparency, operating with BSW either in the near infrared [14] or in the visible spectral range [16, 17] .
We report experimental results obtained for three different optical biosensors: a standard gold SPP chip and two chips based on a-Si x N y :H 1DPC, the first one supporting a guided mode (GM), and the second one a Bloch surface mode (BSW). Such results permit to make a direct comparison of the sensing performances of GM and BSW with respect to SPP.
Materials and methods
All optical measurements reported here were obtained by means of a SPR instrument, developed by one of the authors [18] . In the standard configuration, the instrument makes use of disposable plastic chips with integrated coupling optics, on which a 45 nm thick gold film is directly deposited by sputtering. Here we used adaptor plastic chips which were thinned and topped with a cover slip glued to their surface. Such adaptor chips could accommodate the samples deposited on standard 170 µm thick cover slips on their top and operate under comparable conditions for both SPP and BSW. The samples were coupled to the adaptor chips by means of contact oil (refractive index 1.518). In Fig. 1 (left) we show a sketch of the optical module of the SPR platform. The beam from a light emitting diode (LED) is collimated by means of a spherical lens. The bandwidth is reduced by means of a 2.5 nm FWHM interferential filter peaked at λ = 804 nm (Chroma) and its polarization is defined by means of a thin film polarizer (Codixx AG) which can be rotated to ensure either TM or TE illumination. The beam is then focused by the input cylindrical diopter to an elongated spot onto the surface of the sensor. The incidence angle is 66 deg and the angular aperture of the focused beam is ± 2 deg. The reflected beam is collimated by the output diopter and sent to a charge coupled device (CCD). The intensity distribution along the columns of the CCD corresponds to the one dimensional Fourier transform of the reflected beam. This sensing approach provides an angular resolved reflectivity measurement of horizontal stripes parallel to the surface waves propagation direction by selecting the appropriate range of CCD rows corresponding to the spatial areas to be analyzed. We used either 1DPC or single gold layers deposited on standard cover slips. When conducting the comparison, SPR and BSWR measurements have been performed with the same set-up, the only difference consisting in the polarization of the illumination.
Two types of 1DPCs based on a-Si x N y :H were designed, showing a resonance in the sensitive window of the SPR platform, aiming to explore the sensing capabilities of a GM and a BSW, respectively. The 1DPC were then fabricated by 13.56 MHz PE-CVD on 170 μm thick glass cover slides (25x64mm). The refractive indices and thicknesses of single test layers were characterized by reflectance spectroscopy and their values used in the numerical simulations carried out to design the 1DPC.
The first 1DPC was designed to support a GM and it is constituted by a 6 periods stack of high (a-Si 0.62 N 0.38 :H, n H = 2.47 at 804 nm) and low (a:SiO 2 :H, n L = 1.48 at 804 nm) refractive index layers, having thickness d H = 175 nm and d L = 300 nm, respectively. The second 1DPC was designed to support the BSW and it is constituted by a 6 periods stack of high (aSi 0.62 N 0.38 :H, n H = 2.47 at 804 nm) and low (a-Si 3 N 4 :H, n L = 1.76 at 804nm) refractive index layers, with d H = 123 nm and d L = 185 nm, respectively. The final stoichiometry and the optical properties of the layers were determined by choosing of the gas feedstock composition in the PE-CVD process [9, 11] . In detail, the silicon nitride layers were deposited in SiH 4 The number of the 1DPC periods was chosen in order to optimize the coupling efficiency. Reference samples supporting SPP were obtained by depositing an 45 nm thick gold layer by means of magnetron sputtering on 170 μm thick glass cover slides, according to the same standard procedure used to produce chips on plastic substrates for the SPR platform.
Results
In Fig. 1 (right) we show the experimental measurement of the reflectivity profile along the columns of the CCD camera. Such profiles correspond to the angular spectrum of the reflected radiation along this direction. The angular spectra are given versus camera pixels in the following with an approximate scale of 0.003 deg/pixel. All measurements were carried out in doubly deionized water (ddH 2 O), at ambient temperature and in either TM or TE polarization for SPP and BSW, respectively. The measurements were obtained by averaging signals over 15 columns of the CCD in the read out system. At a first inspection yet, the GMR and BSWR in Fig. 1 look much narrower than the SPR, as expected because of the reduced losses. We found for the full width half maximum W and for the depth D of the resonances the values reported in Table 1 , for the three cases. We note that the measured width (depth) of the BSWR is larger (smaller) than that expected from numerical simulations carried out by the transfer matrix method at a single wavelength (804 nm). Such effect is due to the bandwidth of the illumination that is larger than the bandwidth of the BSW resonance and to a slight inhomogeneity of the thickness of the 1DPC layers [19] . We point out that small thickness variations that are weakly affecting standard optical characteristics, such as normal transmittance, might be more critical for the optimal BSW coupling.
With the purpose of evaluating the sensitivity of the chips with respect to perturbations the external medium refractive index, we used glucose solutions with an increasing concentration, ranging from 0.01% to 10% in weight. Measurements were carried out by dropping the solutions directly on the chip surface by means of a pipette and then by measuring the resulting resonance shift. Each drop has been removed from the sensing area by means of an air blow before depositing the next solution droplet. Between two successive measurements the surface was washed with ddH 2 O to check for returning to zero of the resonance shift and to prevent mixing of the solutions, with uncontrolled changes of the real value of the glucose concentration. The measurements were repeated several times, with the same result within the errors. Figure 2 shows the results of the measurements obtained by means of the procedure described above. From collected data we can evaluate the slopes of the fitting lines, corresponding to the sensitivity S [20] , for the three sensors (Table 1) . We notice that the SPP mode shows the maximum S, whereas for the BSW we obtain a lower value and a minimum S for the GM. As expected, the GM shows a smaller S compared to the two surface bound waves. In order to convert the results in terms of changes of the refractive index of the external medium we used the formula ∆n = β·C for the refractive index change of glucose solutions in ddH 2 O, with a coefficient β = 1.527·10 −3 RIU/% [21] . Taking into account the conversion factor 0.003 deg/pixel, the sensitivities can then be expressed in terms of the change of the resonance angle as a function of ∆n. Such conversion allows one to rewrite S in deg/RIU units (Table 1) , allowing a simple comparison with data published by other researchers.
Discussion
The different values found for the S of the three types of sensors are due to the different transverse intensity distributions across the sensors themselves. We analyzed the transverse intensity distributions for the GM, BSW and SPP mode respectively, and evaluated numerically the ratio between the power associated to the mode tail in the external medium P TAIL and the total power carried by the mode P TOT . In Fig. 3 we show the transverse intensity distributions for GM, BSW and SPP calculated at λ = 804 nm by means of a transfer matrix approach. We note that the penetration depth in all cases is almost the same, as the structures were designed to support GM and BSW resonating at the same angle as SPP on gold.
The ratios Q = P TAIL /P TOT found for the three modes are reported in Table 1 . For the GM and the SPP the S values scale with the Q value, giving a ratio Q GM /S GM ~Q SPP /S SPP ~0.008. However, for the BSW the ratio Q BSW /S BSW ~0.012 confirms that the BSWR is broadened and the real transverse intensity is bound to the surface to a lesser extent with a decrease of S. We expect that, for a narrower illumination bandwidth the BSW the sensitivity S would be larger so as to give the same ratio Q BSW /S BSW ~0.008, i.e., would be of the order of S BSW = 40 deg/RIU. Such value would be anyhow lower than that obtained with SPP.
When evaluating the performance of sensors, in view of the determination of their resolution and limit of detection (LoD), we must take into account also the width and the depth of the resonances. Usually researchers operating in the field define a figure of merit as the ratio of the sensitivity to the full width half maximum of the resonances [22] . Here, in order to compare the performance of the sensors, we introduce a composite figure of merit FOM = D⋅S/W, including the depth D, the sensitivity S and the width W [19] . The FOM for the three types of sensors assume the values that are reported in Table 1 .
Therefore, from our comparison measurements we find that, for the particular designs we chose for the 1DPC, we get the ratio FOM GM /FOM SPP = 0.5 indicating that the SPP chips outperform the chips supporting the GM. On the other hand the ratio FOM BSW /FOM SPP = 1.3 demonstrates that we can reach a better performance, and resolution, by using a chip based on a 1DPC supporting a Bloch surface wave instead of a standard chip supporting a SPP.
Conclusions
The experimental results shown demonstrate an improvement of the performance of optical biosensors, obtained by using an a-Si x N y :H 1DPC supporting a BSW instead of SPP on thin metal layers. We introduced a figure of merit to evaluate the performance in angular resolved reflectivity measurement mode and have shown that sensors based on BSW on a-Si x N y :H 1DPC outperform SPR sensors by at least a factor 1.3. A reduction of the limitation imposed by the illumination bandwidth can push, for the design reported here, such a factor up to 2.
We showed the a-Si x N y :H technology to be a good platform technology for refractive index tuning of high optical quality layers to be used in 1DPC biosensors.
We point out that BSW on 1DPC, besides improving performance and resolution, can be designed for any range of wavelengths and open the access to regions where SPR, due to limitations introduced by the metals dispersion, cannot operate.
